ABSTRACT Most beam selection algorithms determine the best beam according to the methods of feedback and exhaustive search in a millimeter wave (mmWave) massive multiple-input multiple-output (MIMO) system. However, the exhaustive search and the redundant feedback will result in high computational complexity. This paper proposes a mmWave massive MIMO beam selection algorithm based on the beam discovery signal (BDS), where each beam transmitted by the mmWave access point is identified by a specific BDS, and the best beam for the user equipment is then determined by detecting the BDS. In addition, in mmWave heterogeneous networks with densely deployed small cells, strong interference beams are determined through inter-cell cooperation, and orthogonal codes are allocated to the optimal beams and strong interference beams to reduce beam interference from adjacent cells. Simulation results show that the proposed algorithm can avoid the computational complexity caused by exhaustive search, thus simplifying the beam selection process. Furthermore, the algorithm can effectively suppress inter-cell beam interference in multi-cell scenario, and the sum-rate can be further increased.
I. INTRODUCTION
Millimeter (mmWave) communication has attracted much attention as a key technology for future wireless communication systems [1] - [3] . Current mmWave communication systems are designed for short range applications such as wireless personal area networks (WPANs) [4] , wireless local area networks (WLANs) [5] and device-to-device (D2D) communications [6] . Previous studies have shown that the coverage of mmWave signals can exceed 200 meters [7] , [8] , although in a non-line-of-sight (NLoS) environment, the feasibility of mmWave heterogeneous networks may rely on densely deployed small cells.
Many under-utilized mmWave bands provide the potential for gigahertz transmission bandwidth, but mmWave signals suffer from higher orders of magnitude path loss relative to low-band signals in existing cellular systems. Effective multiple-input multiple-output (MIMO) technology can be used to achieve highly directional beamforming to compensate for serious mmWave path loss. Due to the shorter wavelength of mmWave signals, it is possible to deploy tens to hundreds of large antennas in a compact space [9] , and mmWave systems can achieve high-dimensional MIMO operation at close range with spectral multiplexing. Because of these advantages, mmWave massive MIMO technologies hold considerable promise for the future of communication systems.
Currently, the large-scale adoption of mmWave massive MIMO systems requires overcoming many challenges, such as the need for multiple antennas and the degree of transceiver complexity [10] , [11] . The use of multiple antennas requires an equal number of radio frequency (RF) chains. This may be an issue because recent studies have suggested that massive MIMO systems are exceptionally limited by the lack of RF chains, leading to degradation of system performance [12] . In addition, RF components can consume up to 70% of the total transceiver power [13] .
To effectively take advantage of wireless communication in the mmWave band, current research focuses on the design of new beamforming techniques which aim to reduce the hardware complexity of high-dimensional MIMO systems. Previous work has addressed hardware complexity by reviewing antenna selection techniques [14] - [16] , but compared to full systems, most antenna selection techniques result in high performance degradation and generally require more power from the amplifier in the output stage to compensate for the transfer attenuation of RF switches [14] . Moreover, the average signal to noise ratio (SNR) is lower [15] . The literature [16] shows that, for a complete system, waterfilling can provide higher performance than antenna selection at the transmitter.
By employing the discrete lens array (DLA) with negligible performance loss, a beamspace MIMO (B-MIMO) can transform the conventional spatial channel to the beamspace channel to capture the channel sparsity at mmWave frequencies [17] , [18] . A beam selection algorithm combined with a B-MIMO can significantly reduce the RF complexity of a system, and the simplification benefits of this system are strongly enhanced by using the DLA. Moreover, with DLA technology, narrow beam-widths are maintained even in reduced RF-chain operations, and both the power required per stream and the inter-stream interference can be reduced. Consequently, the low degree of hardware complexity and the high antenna gain properties of the DLA make this technique particularly suitable for mmWave massive MIMO systems. Compared with antenna selection technologies, the performance obtained with beam selection in B-MIMO is close to optimal, as its application does not affect beamforming properties at the transmitter.
Existing beam selection algorithms are mainly based on magnitude maximization selection (MM-S) [10] . However, this may result in the waste of some RF chains, resulting in suboptimal performance in received signal-to-interferenceplus-noise ratio (SINR) and capacity. To achieve better performance, P V Amadori proposed maximizing SINR selection (MS-S) and capacity-maximization selection (MC-S) [19] . The former performs user equipment (UE) scheduling and beam selection by feeding back the maximum SINR of each UE, and the latter determines the transmission beam set by using decremental and incremental algorithms. Although the MM-S has a relatively low computational complexity, its performance is susceptible to actual multi-path environments. In contrast, the MS-S and MC-S both have relatively high computational complexity, and their performances are closer to ideal performance in applications. Therefore, the primary concern of research on beam selection algorithms is to determine how to balance performance and computational complexity.
Research on traditional inter-cell cooperative beamforming technologies mostly focuses on simple models of three or fewer cells. A cooperative beamforming scheme based on double-link networks is proposed by Salameh and Hailat [20] . This scheme iteratively computes target channel state information (CSI) and interfering CSI and can thereby obtain the best beam for the UE and reduce inter-UE interference. However, due to the complexity of such algorithms, it is difficult to apply to mmWave heterogeneous networks. In this paper, we propose an architecture that combines B-MIMO communication with beam selection criteria, as well as a beam discovery signal (BDS)-based beam selection algorithm. By designing an effective BDS, the computational complexity and CSI feedback caused by exhaustive search can be avoided. In addition, the proposed algorithm is especially applicable to mmWave heterogeneous networks with densely deployed small cells. Simulation results show that the BDS-based beam selection has considerably better performance than the existing beam selection algorithm. Moreover, using this method inter-cell beam interference can be effectively suppressed and the system sum-rate is improved.
The rest of this paper is organized as follows. In Section 2, we provide the proposed system model. The proposed BDS-based mmWave massive MIMO beam selection methods are presented in Section 3 and their performance is analyzed in Section 4. Section 5 concludes this paper.
II. SYSTEM MODEL
In a mmWave multi-cell MISO downlink communication system, each mmWave access point (AP) employs the same DLA, and the number of single-antenna UEs is random. Figure 1 presents a mmWave heterogeneous network, where the macrocells operate on microwave frequency bands that are deployed for wide coverage and the mmWave APs operate on mmWave frequency bands that are deployed for high speed data transmission [21] .
Assuming the number of mmWave APs is N , the total number of UEs served by the mmWave APs is K , the set of UEs is expressed as U, and U 0 = K is satisfied. The M beams transmitted by one mmWave AP are orthogonal, and the received signal of the kth UE in the ith mmWave small cell is given by
where, U i is the set of the UEs in the ith small cell, h j,i,k ∈ C M ×1 is the the mmWave sparse channel vector from the AP in the jth small cell to the kth UE in the ith small cell,
matrix from the AP in the jth small cell to all the UEs in the ith small cell, W i ∈ C M ×1 denotes the downlink beamforming vector used by the AP in the ith small cell, s i ∈ C denotes the information symbol intended for all ||U i || 0 UEs in the ith small cell with E{|s i | 2 } = 1, the transmitted signal of the ith AP is x i = W i s i , and n i,k is a circularly symmetric complex additive white Gaussian noise (AWGN) with a mean of zero and a variance of δ 2 i,k . The receiving SINR of the kth UE in the ith small cell is given by The system sum-rate maximization problem under per-AP power constraints can be expressed as
where, α i is the weight and ρ i is the transmission power budget for the ith small cell.
To describe the channel model, we first need to define the steering vector of the antenna array. For a uniform linear array (ULA), the steering vector is expressed as
where, ε = 
where M represents the largest number of orthogonal beams that each mmWave cell can support. The NLoS paths' channel vector of the kth UE in a single cell multi-UE scenario can be expressed as
where, the total number of the NLoS paths is
are the path gain and the angle of departure of the ith path for the kth UE, respectively.
However, the above model does not consider the line-ofsight (LoS) component of the propagation. Since the LoS strongly characterizes the channel characteristics of mmWave communications, it is thought that all UEs have LoS paths without loss of generality. The channel model for the LoS path can be expressed as
where, ε (k) 0 is the direction or position of the kth UE and ξ (k) 0 is the LoS path gain.
Finally, the channel vector for the kth UE is the sum of Equation (6) and Equation (7), which can be formulated as
are the the path gains of the LoS path and NLoS paths, respectively. Generally, the amplitude of the NLoS path component is 5 ∼ 10dB lower than that of the LoS component. Double clusters and single-hop NLoS components are considered in previous work on this topic [10] . The simplified channel model is expressed as
where, ξ
The channel model is more realistic than a single 16316 VOLUME 6, 2018 LOS path while the sparsity of the mmWave channel is taken into account.
The channel model in Equation (9) can be transformed into a beamspace channel by using the beamforming matrix B, and the DLA is represented by B, which contains the array steering vectors of M orthogonal directions, covering the entire space. The beamforming matrix can be expressed as
where, B is the M × M matrix and ε 0 = 1 M is the uniform spacing.
Equation (1) defined in the beamspace domain is given bỹ
where,x i = BW isi ,s i = s i , andñ i = n i are the transmission signal, information symbol, and noise respectively. In the beamspace domain, one of the M beams supported by the DLA in the ith cell can be represented by a row of the channel matrixH ii . In Equation (10), the beamforming matrix B is a unitary matrix, i.e., B H B = BB H = I. The relationship between space domain and beamspace domain can be expressed as
Since scattering in the mmWave propagation environment is very limited, the beam spatial channels generated by each cell are sparse, that is, the major elements are much smaller than M . Therefore, a small number of beams can be selected to reduce the MIMO system dimension without obvious performance loss.
III. BEAM DISCOVERY SIGNAL-BASED BEAM SELECTION ALGORITHM
A beam discovery signal (BDS)-based mmWave massive MIMO beam selection algorithm is proposed to remedy the high complexity, the large amount of feedback, and the poor timeliness of existing mmWave massive MIMO beam selection algorithms. The BDS-based algorithm considers the characteristics of mmWave channels and the difference in reference signal receiving power (RSRP) between UEs and different mmWave cells. In real networks, the UE periodically performs beam selection, likewise, each mmWave AP sends all beams in the same period. This section introduces the algorithm in a single-cell scenario first, and then extends it to a multi-cell heterogeneous network scenario.
A. BDS DESIGN
Definition (Beam discovery signal, BDS): The BDS is defined as the signal which is a Zadoff-Chu (ZC) sequence in essence. Each beam sent by the mmWave AP is identified by a specific BDS. That is, each beam identity (ID) corresponds to a specific BDS. The UE determines the appropriate beam by detecting the BDS. During each beam selection period, each directional beam sent by the mmWave AP is identified by a different BDS. Each BDS carries a beam ID and the corresponding mmWave cell ID, and each mmWave AP sends the same BDS set. In addition, the UE has the BDS set corresponding to all beams sent by the APs. Assuming that the beam selection period is T and the BDS transmission duration is T 0 , in each beam selection period, the UE needs to complete beam selection within T 0 . The specific timing sequence is shown in Figure 2 .
ZC sequences were chosen for designing the BDS, since they are highly auto-correlated and have a constant amplitude, and are thereby highly suitable for BDS design. Moreover, in the existing LTE system, the primary synchronization signal (PSS) also uses ZC sequences, and the ZC sequence is applied to perform coarse time-frequency synchronization and small cell ID determination [22] . Therefore, this paper follows the mapping between the PSS and small cell IDs and maps the beam ID to the corresponding BDS. In doing so, the UE can follow the initial search of an LTE small cell to detect the BDS.
The structural diagram of BDS design is shown in Figure 3 Assuming that the UE uses a single antenna and the ULA is adopted on the AP side, different beam IDs need to be mapped to different root indexes of ZC sequences. The specific mapping manner can be expressed as
where
denotes the root index of the ZC sequence corresponding to the beam ID b, and N z denotes the length of the ZC sequence. Furthermore, the way the beam ID maps to the root index of the ZC sequence is the same as that used in an LTE system [23] . In the multicell scenario, the BDS sent by each mmWave AP needs to be scrambled by using its cell ID, and each UE needs to descramble its received BDS with the cell IDs corresponding to the transmitted beams.
B. BDS-BASED BEAM SELECTION ALGORITHM IN MMWAVE SINGLE CELL
The principle of the BDS-based beam selection algorithm in single cell (SC-BDS) is shown in Figure 4 . The traditional timing correlation detection algorithm is used to calculate the peak values of the correlation operations between the received BDS and the local ZC sequence one by one when the UE performs the beam selection in the th period [24] , as shown in Equations (15) and (16) .
where, r x denotes the received BDS for a UE, L i zc is the ith local ZC sequence for the UE, P i denotes the peak value of the correlation operation, P = [P 1 , P 2 , · · · P M ] is satisfied, L 1 is the length of the received BDS for the UE, and L 2 is the length of L i zc . By determining the root index of the local ZC sequence corresponding to the maximum peak value, the UE can determine the BDS corresponding to the best beam. Finally, the UE feeds the optimal beam ID to the mmWave AP, and then the AP transmits the optimal beam. The specific process of the SC-BDS algorithm is shown in algorithm 1, where K is the number of the UEs in the cell, ZC local is the local ZC sequence set of the UE and
zc .H is the beamspace channel in the cell,H r is the beamspace channel after the beam selection. In addition, the SC-BDS algorithm intends to select K nonshared beams from M beams, that is, different UEs are served by different beams to reduce inter-UE interference. This is notably different from the traditional MM-S algorithm, which only performs beam selection according to the maximum energy criterion without considering that each beam may serve multiple UEs.
C. BDS-BASED BEAM SELECTION ALGORITHM IN MMWAVE MULTI-CELL
Based on the analysis above, a partial beam interference suppression algorithm is designed in multi-cell scenario. The essence of the proposed algorithm is to identify the strong interference beams transmitted by small cells, and code division multiplexing is used to distinguish these beams. Due to the high transmission loss of the mmWave channel, the UE generally communicates with adjacent mmWave cells, as long as the UE has performed the cell discovery process and has obtained surrounding mmWave cell IDs.
Algorithm 1 SC-BDS Algorithm
In mmWave heterogeneous networks with densely deployed small cells, a UE receives the BDSs sent by neighboring mmWave APs during the beam selection period. Therefore, in addition to determining the optimal beam ID, the UE determines the serving cell ID corresponding to the best beam. Furthermore, to effectively suppress intercell beam interference, a mean iterative threshold comparison and evaluation process is used to determine the strong interference beam subset for the best beam. By adaptively assigning pseudo-noise (PN) codes to the interference beams and the best beam, the beams can be identified by different PN codes, which increases the anti-interference properties of the network, thus improving system performance.
Two kinds of mmWave multi-cell beam selection algorithms based on BDS are designed as follows:
BDS-based mmWave multi-cell non-cooperative beam selection (NonCo-BDS) algorithm: The UE performs the correlation operations between the received BDS sent by each neighboring mmWave cell and the local ZC sequence one by one, and selects the mmWave cell and the best beam corresponding to the maximum peak value. In this algorithm, each beam may serve multiple UEs simultaneously.
BDS-based mmWave multi-cell cooperative beam selection (Co-BDS) algorithm:
The UE performs the correlation operations to select the serving mmWave cell and the best beam. The concept of cooperative transmission is adopted [25] . If the mmWave cell and the corresponding beam have been occupied by other UEs, the UE needs to select a sub-optimal service mmWave cell and the corresponding beam. For the algorithm, each beam only serves one UE. In the meantime, the UE determines its strong interference beam subset according to the correlation detection result and the mean iterative threshold comparison and evaluation process. Finally, the relevant identifiers of the best beam and the corresponding strong interference beam subset are fed back to the corresponding mmWave AP. 
for n = 1 to L j do 4: obtaining the peak value set P n for small cell S * j (n);
end for 6: Q j is obtained according to algorithm 3, and the PN codes are allocated to the beams corresponding to the elements in Q j ; 7: for i = 1 to L j do 8: α = argmax(Q j ); θ = V j (α); 9: if θ / ∈ ind S * j (α) then 10:
else 12: break; 13: end if 14: end for 15 : 16: end for Output: B selected ;
Step 1: During the th beam selection period, each mmWave cell transmits the BDSs corresponding to all the beams, with a duration of T 0 . UE j then needs to descramble the received BDS with the adjacent small cell IDs, and the BDS sent by each adjacent small cell can be obtained. Assuming that the number of the small cells around the UE j is L j , after the descrambling, the BDS sent by each small cell around the UE j can be expressed as r j,1 , r j,2 , · · · , r j,L j .
Step 2: UE j conducts correlation operations between the BDS sent by an adjacent cell s, s ∈ 1, 2, · · · , L j with the local ZC sequence one by one, and then the peak values of the correlation operation can be calculated, as shown in Equations (15) and (16) . The maximum peak value Q s and corresponding local ZC sequence root index v s for small cell S * j (s) can be obtained, where Q s is stored in the array Q j and v s is stored in V j as follows
Step 3: The elements of Q j are listed in descending order and Q * is identified. Next, the mean iterative threshold comparison and evaluation process is conducted for the elements in Q * according to Equation (19) . Where τ is the number of iterations and η is the threshold comparison coefficient. When Equation (19) is solved, the best beam and the strong interference beams corresponding to the peak value set Q j = Q 1 , Q 2 , · · · , Q λ , λ = τ can be obtained. The specific process is shown in algorithm 3. 
else 5: τ = τ + 1; 6: end if 7: end for
Step 4: According to the result calculated in Step 3, the UE j feeds back the root indexes of the ZC sequences corresponding to the elements in Q j to the mmWave APs. Then, each mmWave AP performs code division multiplexing on the corresponding transmission beams before sending.
It is noteworthy that different UEs are served by different beams according to inter-cell cooperation. Meanwhile, the UE's strong interference beam subset can be determined. As a result, the inter-UE interference can be effectively reduced.
IV. SIMULATION ANALYSIS A. SIMULATION PARAMETERS
Simulation scenarios were in mmWave heterogeneous networks with densely deployed small cells, where 50 mmWave small cells were evenly distributed in the coverage of a macrocell. The UEs' positions were subject to Poisson distribution in the networks. Specific parameters are summarized in Table 1 . As reported by Xue et al. [26] , the path loss model of the mmWave cell can be expressed as
where, f c is the carrier frequency in GHz, d s is the distance from UE to mmWave AP, A is the attenuation value, and n is the path loss exponent. Figure 5 shows the maximum peak value comparison between the UE and different mmWave small cells. Assuming that there are three small cells in the network, the maximum peak values corresponding to different small cells differ strongly. Therefore, the UE can effectively identify and select the best beam sent by the best serving cell to complete the beam selection process. Figure 6 depicts the relationship between the system sumrate and the number of UEs in single cell scenario. Compared with fully digital beamforming, MM-S, and MS-S, the sum-rate of the proposed SC-BDS is slightly lower. For the SC-BDS, performance is affected by the signal detection and the environment. If the root index of the ZC sequence corresponding to the maximum peak value detected by the UE is not the root index corresponding to the best beam of the current UE, the selected beam is not the optimal beam for the UE. Although the SC-BDS has a slight performance decrease, it can avoid channel estimation and CSI feedback, which effectively reduces the amount of feedback. In the SC-BDS algorithm, beam selection can be completed by feeding back the root index of the ZC sequence corresponding to the maximum peak to the serving AP. Compared to the high complexity of K M searches as in MM-S and MS-S, the proposed algorithm effectively avoids the computational complexity brought by exhaustive search. Figure 7 describes the relationship between power efficiency and the number of UEs. The power efficiency can be expressed as [19] 
B. SIMULATION RESULTS ANALYSIS
where, R denotes the system sum-rate in bps/Hz, the transmission power is ρ, N RF is the number of RF chains, and P RF is the power consumed by RF chains. The practical values P RF = 34.4mW and ρ = 32mW (15dBm) are adopted. It is clear that the power efficiency of fully digital beamforming remains essentially constant and maintains a low level as the number of UEs increases. This is due to the fact that the number of transmitted beams is fixed and is equal to the number of antennas. In contrast, the power efficiency of MM-S, MC-S, and SC-BDS algorithms is consistently significantly higher than that of fully digital beamforming, and the power efficiency decreases as the number of UEs increases. The reason is that, with the number of UEs increases, the power consumption of the sending beams and the interference among the beams and UEs also increases, thereby leading to a reduction in power efficiency. However, the number of transmission beams used in MM-S, MS-S, and SC-BDS algorithms is not fixed. Figure 8 plots the SINR cumulative distribution function (CDF) of the received signal for the NonCo-BDS and Co-BDS algorithms in mmWave heterogeneous networks with densely deployed small cells. The figure shows that the SINR decreases as the number of UEs increases. This is due to the fact that as the number of UEs increases, the number of beams transmitted by the AP increases, which leads to increased inter-cell interference, and therefore a reduction in the SINR of the received signal. Furthermore, the SINR of received signals using the Co-BDS algorithm is higher than that of the NonCo-BDS algorithm with different num- bers of UEs. Due to the serious transmission path loss of the mmWave channel, the interference beams received by the UE mainly come from neighboring cells. The Co-BDS algorithm makes use of the orthogonal codes to distinguish the best beam and the strong interference beams generated by the neighboring cells, which effectively suppresses strong interference, thus improving the SINR. Figure 9 pictures the relationship between the sum-rate and the number of UEs in mmWave multi-cell scenario. Compared to MM-S, the NonCo-BDS algorithm shows a decline in the sum-rate. The reason is that the sum-rate for the NonCo-BDS is affected by the performance of the detection and the environment. However, compared to MM-S, the Co-BDS algorithm improves the sum-rate effectively. For the Co-BDS algorithm, the PN codes are allocated to the best beam and the strong interference beams so as to effectively suppress inter-cell beam interference. Figure 10 presents the relationship between power efficiency and the number of UEs in multi-cell scenario. The power efficiency of the Co-BDS algorithm is significantly higher than that of the MM-S and NonCo-BDS algorithms. For the Co-BDS algorithm, inter-cell beam interference can be suppressed effectively, and the system power efficiency is thereby improved. In contrast, the power efficiency of the NonCo-BDS algorithm is lower than that of the MM-S algorithm.
V. CONCLUSION
In this paper, a BDS-based mmWave massive MIMO beam selection algorithm is proposed to improve mmWave channel transmission performance. By designing an effective BDSbased algorithm, the BDS can be used to mark the beam transmitted by the mmWave AP. The UE detects the received BDS to select an appropriate beam. Compared to traditional beam selection algorithms, the beam selection process can be greatly simplified, thereby improving beam selection speed. In addition, according to the proposed algorithm, the UE needs only to feed back the root indexs of the ZC sequences corresponding to the best beam and the strong interference beams, which avoids CSI feedback and the computational complexity caused by exhaustive search. Especially in mmWave heterogeneous networks, the BDS-based mmWave multi-cell cooperative beam selection algorithm can effectively suppress inter-cell beam interference and improve the system sum-rate.
